The genus Leuconostoc was described by Van Tieghem (1878) , and at the present time the genus consists of the following 14 species (excluding reclassified and synonymous species): Leuconostoc mesenteroides (type species), L. carnosum, L. citreum, L. durionis, L. fallax, L. ficulneum, L. fructosum, L. gasicomitatum, L. gelidum, L. inhae, L. kimchii, L. lactis, L. pseudoficulneum and L. pseudomesenteroides (Antunes et al., 2002; Björkroth et al., 2000 Björkroth et al., , 2001 Chambel et al., 2006; Farrow et al., 1989; Garvie, 1960; Kim et al., 2000 Kim et al., , 2003 Leisner et al., 2005; , 1992 Shaw & Harding, 1989; Skerman et al., 1980; Van Tieghem, 1878) . Leuconostoc argentinum was recently reclassified as a later synonym of L. lactis . Of the 14 species, L. durionis, L. fallax, L. ficulneum, L. fructosum and L. psuedoficulneum have been reported as atypical species in the genus Leuconostoc on the basis of their biochemical characteristics and/or phylogenetic position as determined by 16S rRNA gene sequence analysis (Antunes et al., 2002; Chambel et al., 2006; Leisner et al., 2005; . Moreover, cells of L. durionis, L. ficulneum and L. fructosum have been reported to be rod-shaped (Antunes et al., 2002; Leisner et al., 2005) and the morphological characteristics of these species disagreed with those of members of the genus Leuconostoc sensu strictu, which were coccoid or elongated (Dellaglio et al., 1995) . Therefore, the genus Leuconostoc is considered to be heterogeneous and a taxonomic re-evaluation is needed. This work reports the results of a taxonomic study of the species in the genus Leuconostoc and concludes that the genus Leuconostoc should be divided into two genera.
The type strains of 13 of the species in the genus Leuconostoc were used in the present study (Table 1) . The type strain of L. kimchii could not be obtained from any culture collection or from co-authors due to a patent which covers the strain. The strains used in this study were obtained from the NODAI Culture Collection Center, Tokyo University of Agriculture, Tokyo, and the JCM, DSMZ and LMG culture collections. The culture broths and temperatures used for culturing the type strains are listed in Table 1 . GYP broth was composed of (l To determine the phylogenetic relationships among the species of the genus Leuconostoc, the sequences of the 16S rRNA gene and the 16S-23S rRNA gene intergenic spacer region (ISR) were analysed. In addition, multilocus sequence analysis (MLSA) using two housekeeping genes was applied. MLSA was recently used for the classification of lactic acid bacteria and related taxa (Jian & Dong, 2002; Naser et al., 2005 Naser et al., , 2006 .
For the phylogenetic analysis based on 16S rRNA gene sequences, the sequences of the type strains of the species in the genus Leuconostoc and related taxa were retrieved from the DDBJ database. Multiple alignments of the sequences were performed with the CLUSTAL_X program version 1.18 (Thompson et al., 1997) . Distance matrices for the aligned sequences were calculated by using Kimura's two-parameter method (Kimura, 1980) . The neighbour-joining method was used to construct a phylogenetic tree (Saitou & Nei, 1987) . The robustness of individual branches was estimated by using bootstrapping with 1000 replicates (Felsenstein, 1985) . Phylogenetic trees were also constructed by using the maximum-likelihood (CavalliSforza & Edwards, 1967) and maximum-parsimony (Kluge & Farris, 1969 ) methods with PHYLIP version 3.65 (Felsenstein, 2005) . Lactococcus lactis was used as an outgroup. Approximately 1430 bp of the 16S rRNA gene sequences of the tested strains were used to construct phylogenetic trees.
The phylogenetic tree constructed with the neighbourjoining method revealed that the genus Leuconostoc was (Fig. 1) . Identical tree topologies were obtained from the phylogenetic trees constructed by using maximum-likelihood and maximum-parsimony methods (see Supplementary Figs S1 and S2 in IJSEM Online). When the sequences of the type strains were aligned by using CLUSTAL_X, it was apparent that L. fallax was genetically distinct from the other Leuconostoc species based on the sequence of the V1 region of the 16S rRNA gene. The V1 region was based on the secondary structure model of SSU rRNA described by Van de Peer et al. (2000) . Recently, the genera Pilibacter and Paralactobacillus were described as novel genera of lactic acid bacteria (Higashiguchi et al., 2006; Leisner et al., 2000) . The sequence similarity between the genus Pilibacter and the closest phylogenetic relative, the genus Enterococcus, was less than 92.8 % (Higashiguchi et al., 2006) and that between the genus Paralactobacillus and the closest phylogenetic relatives, species in the Lactobacillus casei group , was less than 91.7 % (Leisner et al., 2000) . These values are close to the sequence similarities found among the three subclusters of the genus Leuconostoc mentioned above.
For the determination of ISR sequences of the type strains of the Leuconostoc species, amplification of the ISR was performed by using primers 16S/p2 (59-CTTGTACA-CACCGCCCGTC) and 23S/p7 (59-GGTACTTAGAT-GTTTCAGTTC) as described by Rachman et al. (2003) .
The primers 16S/p2 and 23S/p7 anneal at positions 138821406 of the 16S rRNA gene and at positions 2072189 of the 23S rRNA gene; position numbers were based on the Escherichia coli numbering system (GenBank accession no. V00348; Brosius et al., 1981 ). An amplification product of approximately 750 bp was obtained for each of the strains (data not shown). Purification and sequencing of the product were performed as described previously (Endo & Okada, 2005) . After sequencing, the sequences of the 16S rRNA gene and the 23S rRNA gene attached to the ISR were deleted and only the sequences of the ISR were used for the phylogenetic analysis. Phylogenetic analysis was performed as described above and a phylogenetic tree was constructed according to the neighbour-joining method. Oenococcus oeni was used as an outgroup. Species of the genus Weissella were not used in this study as they possessed different length ISRs in each chromosomal DNA (Zavaleta et al., 1996) .
The phylogenetic tree based on ISR sequences showed that the genus Leuconostoc was divided into three ISR- The rpoC gene, encoding the b9 subunit of the DNAdependent RNA polymerase, and the recA gene, encoding a recombinase A protein, were used for MLSA in this study. Recombinase A is a protein implicated in homologous DNA recombination, SOS induction and DNA damageinduced mutagenesis (Eisen, 1995) . These two genes have often been used previously as markers for phylogenetic analysis and for the differentiation of lactic acid bacteria (Chelo et al., 2007; Felis et al., 2001; Morse et al., 1996; Torriani et al., 2001) . Partial rpoC gene sequences were determined for the type strains of L. carnosum, L. durionis, L. gasicomitatum, L. inhae and L. lactis and partial recA gene sequences were determined for the type strains of the genus Leuconostoc listed in Table 1 . The sequences of both genes from related taxa and those of the rpoC gene for other Leuconostoc species were retrieved from the DDBJ database.
Partial rpoC genes of the tested strains were amplified by the method described by Morse et al. (1996) , but the rpoC1053R primer (CAAGAAAGGSCCAACAT-CRATAAC; Chelo et al., 2007) was used as a reverse primer. An amplification of the recA genes was performed according to the method described by Dellaglio et al. (2005) . Purification and sequencing of the amplification products were carried out as described previously (Endo & Okada, 2005) . Phylogenetic analysis was conducted as described above and phylogenetic trees were constructed by the neighbour-joining method. Lactococcus lactis was used as an outgroup.
The phylogenetic tree based on the rpoC gene sequences revealed that the genus Leuconostoc produced three subclusters: the L. mesenteroides rpoC-subcluster, the L. fructosum rpoC-subcluster and the L. fallax rpoC-subcluster (Fig. 3) . The three rpoC-subclusters showed a good correlation with the subclusters identified on the basis of the 16S rRNA gene or the ISR sequences (Figs 1 and 2) . The L. fructosum rpoC-subcluster was related to the Weissella rpoC-cluster and L. fallax was distantly positioned with regard to all of the species used in this study (Fig. 3) . Based on the recA gene sequences, the genus Leuconostoc was divided into two subclusters: the L. mesenteroides recA-subcluster and the L. fructosum recAsubcluster (Fig. 4) . Unlike the other phylogenetic trees (Figs 1, 2 and 3), L. fallax was located inside the L. mesenteroides recA-subcluster (Fig. 4) . The different phylogenetic positions of L. fallax among the three phylogenetic trees may be due to the fact that it had no phylogenetic neighbours (Fig. 1 ).
In our phylogenetic analysis, three of the four phylogenetic trees, based on the sequences of the 16S rRNA gene, ISR, rpoC gene or recA gene, confirmed the formation of three subclusters in the genus Leuconostoc with a good correlation and high bootstrap values. Thus, we conclude that the genus Leuconostoc is phylogenetically divided into three groups:
. fructosum and L. pseudoficulneum) and the L. fallax group (L. fallax). This finding correlated well with the MLSA data obtained by using four housekeeping genes of three genera of the Leuconostoc group, Leuconostoc, Oenococcus and Weissella, as determined by Chelo et al. (2007) . Disagreements have often been found between phylogenetic analyses based on housekeeping genes and the 16S rRNA gene (Naser et al., 2005; Chelo et al., 2007) .
The morphological characteristics of the Leuconostoc type strains were determined by using a scanning electron microscope (SEM). The strains were cultured for 1-2 days under the conditions shown in Table 1 . After culture, cells were washed with 0.2 M phosphate buffer (pH 7.0), fixed with 2 % glutaraldehyde for 2 h at 4 uC, post-fixed with 1 % OsO 4 for 3 h at 4 u C, dehydrated with a series of increasing ethanol concentrations (70 %, 80 %, 90 %, 95 % and twice at 100 % for 15 min each) and soaked in 3-methylbutyl acetate for 1 day. The prepared cells were subsequently critical-point dried in a drying unit (model HCP-2; Hitachi), sputtered with Pt/Pd (model E-102; Hitachi), and observed with a SEM (model S24000; Hitachi). The SEM observations revealed various morphological characteristics for the strains examined. Cells of L. carnosum, L. citreum, L. gasicomitatum, L. gelidum, L. inhae, L. lactis, L. mesenteroides and L. pseudomesenteroides, the species of the L. mesenteroides subcluster (Figs 1, 2, 3 and 4), were spherical, oval or coccobacillary (data not shown) and the cell shape was consistent with that previously given for the genus Leuconostoc (Sneath et al., 1986) . However, cells of L. durionis, L. ficulneum, L. fructosum and L. pseudoficulneum, the species of the L. fructosum subcluster (Figs 1, 2, 3 and 4), were rod-shaped (Fig. 5 ) and resembled species of the genus Lactobacillus. This observation disagreed with the morphological characteristics of the genus Leuconostoc as described previously (Sneath et al., 1986) . L. fructosum was formerly classified as Lactobacillus fructosus (Kodama, 1956 ) and was reclassified as L. fructosum by Antunes et al. (2002) . Therefore, cells of L. fructosum were known to be rod-shaped. Cells of L. durionis and L. ficulneum have also been reported to be rod-shaped (Antunes et al., 2002; Leisner et al., 2005) . Cells of L. pseudoficulneum were previously reported to be ovoid (Chambel et al., 2006) , but our SEM observations clearly indicated that L. pseudoficulneum had rod-shaped cells. Six strains of L. pseudoficulneum were originally isolated from a ripe fig (Chambel et al., 2006 ) and so we determined the morphological characteristics of these additional strains, LC47, LC 48, LC 49, LC 50 and LC 52, which were provided by Dr Rogério Tenreiro (Universidade de Lisboa). Our microscopic observations confirmed that these five additional strains of L. pseudoficulneum had rodshaped cells rather than ovoid cells, and it is not clear why the cells were originally described as ovoid by Chambel et al. (2006) . L. fallax had spherical cells (Fig. 5 ) and coccobacillary cells were not detected.
Biochemical and physiological characteristics such as acid production from carbohydrates, growth in a broth containing D-glucose and/or fructose as substrate(s), organic acids, ethanol produced from D-glucose and sugar tolerance were determined for the Leuconostoc type strains. Acid production from carbohydrates was determined by a previously described method (Endo & Okada, 2005) . The data are presented in Growth in GYP broth, FYP broth and FGYP broth was studied for the determination of the most suitable growth Supplementary Fig. S3b ). The reason that the type strain of L. lactis did not grow in FYP broth was due to a deficiency in D-fructose dissimilation (Table 2 ). In contrast, the type strains of L. durionis, L. ficulneum, L. fructosum and L. pseudoficulneum all grew well in the FYP and FGYP broths (Supplementary Figs S3b, S3c) , but they grew poorly in GYP broth ( Supplementary Fig. S3a ). DGlucose is the most common substrate for the cultivation of lactic acid bacteria and thus the poor growth in GYP broth and good growth in FYP broth of the type strains of L. durionis, L. ficulneum, L. fructosum and L. pseudoficulneum is unusual. Interestingly, these four species were originally isolated from fruits, flowers or a fermented food derived from fruit (Antunes et al., 2002; Chambel et al., 2006; Kodama, 1956; Leisner et al., 2005) which may have contained large amounts of D-fructose. This could suggest that these four species have become adapted to survive in such environments. Thus, the isolation of lactic acid bacteria from fructose-rich environments, such as flowers, fruits or their related products, should be performed by using D-glucose and D-fructose as growth substrates. It was reported by Leisner et al. (2005) that L. durionis and L. fructosum produced large amounts of D-mannitol when Dglucose and D-fructose were used as growth substrates. We obtained similar results from the type strains of L. durionis, L. ficulneum, L. fructosum and L. pseudoficulneum (data not shown). This may indicate that these four strains need an electron acceptor for growth and are able to utilize Dfructose as an electron acceptor for dissimilation of Dglucose in FGYP broth. In fact, these four strains grew poorly in GYP broth but grew well in GYP broth containing 10 g pyruvate l 21 as an electron acceptor (data not shown). In addition, the growth of these four type strains in GYP broth was enhanced by aerobic culturing, and the aerobic growth in GYP broth was comparable with growth in FYP broth as shown in Supplementary Fig. S3b . The surface growth of these four strains on GYP agar was also enhanced under aerobic conditions compared with growth under anaerobic conditions [anaerobic jars (GasPak System, BBL); data not shown]. This may indicate that these four type strains can also use atmospheric O 2 as an electron acceptor. Sakamoto & Komagata (1996) demonstrated that some strains of the genus Lactobacillus and Pediococcus acidilactici and L. mesenteroides grew better under aerobic conditions than under anaerobic conditions. The amounts of organic acids and ethanol produced from D-glucose in GYP broth under stationary conditions were determined for the Leuconostoc type strains by using a HPLC (Alliance PDA System; Waters) or the F-kit ethanol (Roche Diagnostics). The type strains of L. carnosum, L. citreum, L. gasicomitatum, L. gelidum, L. inhae, L. lactis, L. mesenteroides, L. pseudomesenteroides and L. fallax produced equimolar amounts of lactic acid and ethanol and trace amounts of acetic acid from D-glucose and this was consistent with the characteristics of the genus Leuconostoc as described previously (Dellaglio et al., 1995) . In contrast, the type strains of L. durionis, L. ficulneum, L. fructosum and L. pseudoficulneum produced equimolar amounts of lactic acid and acetic acid but ethanol was not detected. The production of equimolar amounts of acids produced from D-glucose under stationary conditions has not previously been reported for any lactic acid bacteria, including the species in the genus Leuconostoc. Generally, species of the genus Leuconostoc metabolize D-glucose via a combination of the hexose monophosphate pathway and the pentose phosphate pathway (Dellaglio et al., 1995; DeMoss et al., 1951; Sneath et al., 1986) , and ethanol is produced by a reduction of acetyl-phosphate via acetylCoA and acetaldehyde. However, our results suggest that L. durionis, L. ficulneum, L. fructosum and L. pseudoficulneum convert acetyl-phosphate to acetic acid and not to acetylCoA. On this pathway, the oxidation of NADPH is not sufficient for NADP/NADPH cycling, as Leuconostoc species usually oxidize NADPH to NADP by lactate dehydrogenase, acetaldehyde dehydrogenase and alcohol dehydrogenase (Condon, 1987) . Consequently, if the type strains of L. durionis, L. ficulneum, L. fructosum and L. pseudoficulneum produce acetic acid by this pathway, an additional electron acceptor is needed for the oxidation of NADPH. This finding correlated well with the results of the requirement for electron acceptors, such as pyruvate and O 2 , on D-glucose dissimilation for L. durionis, L. ficulneum, L. fructosum and L. pseudoficulneum. In this pathway, it is well known that twice the amount of ATP is produced as compared to the reduction pathway of acetyl-phosphate to ethanol (Johnson & McCleskey, 1957) and species of the genus Leuconostoc usually use this pathway under aerobic conditions (Condon, 1987; Dellaglio et al., 1995; Keenan, 1968; Lucey & Condon, 1986) . were able to grow on 40 % substrate. Furthermore, the type strains of L. durionis, L. ficulneum, L. fructosum and L. pseudoficulneum grew poorly on a 50 % substrate. The data indicated that these four species are xerotolerant bacteria. Antunes et al. (2002) obtained similar results for L. ficulneum and L. fructosum. The type strains of L. durionis, L. ficulneum, L. fructosum and L. pseudoficulneum had moderate tolerance to NaCl, and these four strains grew well on 5 % (w/v) NaCl, but poorly on 7.5 % NaCl. Antunes et al. (2002) mentioned that L. ficulneum, L. fructosum and L. fallax could be assigned to novel genera by phylogenetic analysis based on the 16S rRNA gene sequences, but there were no noteworthy biochemical or physiological differences to distinguish these three species from the other species of the genus Leuconostoc. Our phylogenetic trees confirmed the division of the genus Leuconostoc into three groups, the L. mesenteroides group, the L. fructosum group and L. fallax. In addition, the species in the L. fructosum group, L. durionis, L. ficulneum, L. fructosum and L. pseudoficulneum, were clearly distinguished from the other species of the genus Leuconostoc by morphological and biochemical characteristics. Cell morphology and the inability to produce ethanol from D-glucose were key features that enabled the separation of these four species from the genus Leuconostoc. These four species also needed an electron acceptor for D-glucose dissimilation. These are noteworthy differential characteristics for the reclassification of the genus Leuconostoc as compared with the genera of lactic acid bacteria described recently. The genera Pilibacter and Paralactobacillus were established recently as novel genera of lactic acid bacteria by the differentiation of biochemical and morphological characteristics or their phylogenetic position as compared with the genera Enterococcus and Lactobacillus (Higashiguchi et al., 2006; Leisner et al., 2000) . Therefore it is proposed that the species Leuconostoc durionis, Leuconostoc ficulneum, Leuconostoc fructosum and Leuconostoc pseudoficulneum should be transferred to a novel genus, Fructobacillus gen. nov., as Fructobacillus durionis comb. nov., Fructobacillus ficulneus comb. nov., Fructobacillus fructosus comb. nov. and Fructobacillus pseudoficulneus comb. nov. The type species of the genus Fructobacillus is F. fructosus. L. fallax was distinguished from L. durionis, L. ficulneum, L. fructosum and L. pseudoficulneum and the other species of the genus Leuconostoc as determined by on phylogenetic analysis based on the sequences of the 16S rRNA gene, the ISR and two housekeeping genes, but not the recA gene. However, no noteworthy physiological and biochemical differences were found between L. fallax and the other species of the genus Leuconostoc in the present study, and thus L. fallax must remain in the genus Leuconostoc. The species will probably be reclassified in a novel genus when a phylogenetic relative of this species is found and a significant physiological or biochemical difference is determined between L. fallax and the remaining species of the genus Leuconostoc. A novel species of the genus Leuconostoc, Leuconostoc holzapfelii, was described recently (De Bruyne et al., 2007) . Our independent phylogenetic analysis based on 16S rRNA gene sequences showed that L. holzapfelii was a member of the L. mesenteroides subcluster (data not shown) and this correlated well with the results of De Bruyne et al. (2007) . Therefore, a reclassification of L. holzapfelii is not needed.
Description of Fructobacillus gen. nov.
Fructobacillus
(Fruc.to.ba.cil9lus. N.L. masc. n. Fructobacillus arbitrarily derived from fructose and Lactobacillus, intended to mean fructose-loving lactic acid-producing bacillus).
Cells are Gram-positive and non-motile rods. Cells usually occur singly or in pairs and in chains. Facultatively anaerobic. Active growth is observed in a broth containing D-fructose as a substrate, and poor growth occurs on Dglucose. Growth in GYP broth is enhanced under aerobic conditions. Colonies are beige, smooth and approximately 1-2 mm in diameter on FYP agar after incubation for 2 days and are less than 1 mm in diameter on GYP agar after incubation for 5 days under anaerobic conditions. Growth is enhanced under aerobic conditions on GYP agar and colony size is approximately 1-2 mm in diameter after incubation for 2 days. Heterofermentative and produce lactic acid, carbon dioxide and acetic acid from D-glucose The description of Fructobacillus fructosus is the same as that given for Leuconostoc fructosum by Antunes et al. (2002) .
The type strain is IFO 3516 T (5JCM 1119 T 5DSM 20349 T 5NRIC 1058 T ).
Description of Fructobacillus durionis comb. nov.
Fructobacillus durionis (du.ri.o9nis. N.L. gen. n. durionis of Durio, the generic name of Durio zibenthinus, the durian fruit).
